ABSTRACT: Proteins at interfaces are important for protein formulations and in soft materials such as foam. Here, interfacial stability and physicochemical properties are key elements, which drive macroscopic foam properties through structure−property relations. Native and fluorescein isothiocyanate-labeled bovine serum albumin (BSA) were used to modify air−water interfaces as a function of pH. Characterizations were performed with tensiometry and sum-frequency generation (SFG). SFG spectra of O−H stretching vibrations reveal a phase reversal and a pronounced minimum in O−H intensity at pH values of 5.3 and 4.7 for native and labeled BSA, respectively. This minimum is attributed to the interfacial isoelectric point (IEP) and is accompanied by a minimum in surface tension and negligible ζ-potentials in the bulk. Interfacial proteins at pH values close to the IEP can promote macroscopic foam stability and are predominately located in the lamellae between individual gas bubbles as evidenced by confocal fluorescence microscopy. Different from the classical stabilization mechanisms, for example, via the electrostatic disjoining pressure, we propose that the presence of more close-packed BSA, because of negligible net charges, inside the foam lamellae is more effective in reducing foam drainage as compared to a situation with strong repulsive electrostatic interactions.
■ INTRODUCTION
Proteins at interfaces are of great importance in many fields of research such as medicine and pharmacy, for example, for antibody formulations. 1, 2 In fact, many diseases such as Alzheimer and Parkinson have been linked to the formation of amyloidsprotein aggregates which form fibrils. 3 In soft matter materials, proteins act as stabilizers, for instance, in foam and emulsions that are relevant for dairy products. 4, 5 In case of the latter, protein aggregation in aqueous foams is highly desirable and can be used to make foams more stable, with different viscoelastic properties and microstructures. 6−16 However, for pharmaceutical and antibody formulations, protein adsorption as well as aggregation 17 of proteins in the bulk and at interfaces is also of great interest but with exactly the opposite goal. In fact, in this case foam formation as well as aggregate formation in the bulk and at the unavoidable interfaces, for example, the gas−liquid interface between bulk solution and the headspace of a vial needs to be prevented. 2, 18 Interactions of proteins at interfaces can be characterized by the protein surfaces that have hydrophobic patches because of nonpolar amino acids such as Gly or Leu which are one cause of the amphiphilic character and surface activity of a great number of proteins. 11, 19 Amino acid residues like Glu, Asp, or Arg cause pH-dependent charging. The isoelectric point (IEP), at which the net charge of the protein is zero, is thus an important parameter from which the colloidal stability of protein solutions is predicted. Repulsive electrostatic interactions are minimized at pH values close to the bulk IEP. In this case, proteins in solutions with a pH close to the bulk IEP tend to form multilayers at air−water interfaces. 6, 7, 13, 14 In addition, adsorption layers at a solution pH close to the IEP, show high elasticity E′ and low viscosity E″ in surface dilatational rheology, whereas at pH values much smaller or higher than the bulk IEP monolayers with strong repulsive electrostatic interactions but small E′ are formed. 6,20−22 The classical view within the Derjaguin−Landau−Verwey−Overbeek (DLVO) 23−25 theory predicts for strong repulsive electrostatic interactions, a high electrostatic disjoining pressure 24 in foam films and one would expectwithin this classical picturemore stable macroscopic foams at a pH value where the interfaces are highly charged. Indeed Gochev et al. 26 report such behavior for protein solutions and show the formation of Newton black films at a pH around the proteins' IEP, but they also observe aggregates in their foam films. The low electrostatic disjoining pressure around the IEP leads to instable foam films, and however, this is valid at low protein concentration, whereas increase of the protein concentration leads to increase of the film stability. 27 Indeed, at high protein concentration, most stable macroscopic foams from bovine serum albumin (BSA) 7 and β-lactoglobulin (BLG) 6 have been reported at a pH close to the proteins' bulk IEP. Besides foam stability, also the foam structure (see below) and rheology 6, 28 change around the IEP quite substantially.
So far, the origin of this anomalous stabilization of foams has not been fully resolved, but there is mounting evidence that protein aggregates at the interface play a dominant role in foam stabilization. Rullier et al. 8, 9 show in their study on foam films and foams from solutions that contained BLG aggregates and monomers that the highest foam stability is due to synergistic effects between aggregates and monomeric proteins.
Although the origin of foam stabilization by proteins and their exact position within foam remains unresolved so far, the situation for Pickering foams with inorganic particles and organic particles such as surfactant precipitates or vesicles is much clearer. 29−31 Carl et al. 30 studied foams from solutions with silica nanoparticles that have been made more hydrophobic with short-chain amines and reported particle accumulation inside the plateau borders. The silica particles blocked the plateau borders which were proposed to slow down foam drainage and thus to prevent or hinder an important foam destabilization mechanism. Similar effects have also been reported for mixed solutions of 12-hydroxy stearic acid and ethanol amines by Fameau et al. 31 The molecules in these mixtures self-assemble into long tubular vesicles which do not reduce drainage but can efficiently inhibit film breaking and thus give rise to ultrastable foams with half lifetimes of many months.
As proteins act on comparable length scales, it can be hypothesized that they show a behavior similar to the abovementioned particle-stabilized systems. Indeed, such a behavior was shown for thermally gelated whey proteins: by producing foam from solutions with protein gels, the foams were shown to be more stable, and the authors argue that aggregates between the foam bubbles, for example, within the plateau borders reduce foam drainage and are thus a cause for the observed increase in foam stability. 32, 33 So far, for native proteins such as BSA or BLG, investigations regarding the location of aggregates only took place for a single lamella or a single air bubble. 9, 14, 26, 34 To the best of our knowledge, the location of proteins and their possible aggregates directly in the foam has not been studied in detail. For that reason, we present in our study results on structure−property relations within protein stabilized foams. Using a unique combination of experimental methods, we gain information from the molecular to the macroscopic length scale. For that, we have applied vibrational sum-frequency generation (SFG) and tensiometry to interrogate the interfacial molecular structure and its (net)charging state, whereas fluorescence microscopy and foam analysis provide information on larger length scales. In addition, we compare native with fluorescein isothiocyanate-(FITC) labeled BSA proteins which we use to localize the proteins with fluorescence microscopy. This comparison is necessary because previous works have shown that differences in surface properties between native and labeled proteins can exist. 34 ■ EXPERIMENTAL SECTION Sample Preparation. Native BSA was purchased as lyophilized powder from Sigma-Aldrich (A7030) with a free fatty acid content of ≤0.02% and was used as received. The albumin-FITC conjugate (FITC-labeled BSA) was also purchased from Sigma-Aldrich (A9771). FITC binding to BSA changes the molecular weight from 66.4 to 71.1 kDa, and 20% of the lysine amino residues in BSA were labeled, both calculated according to the information of the supplier.
If not stated otherwise, sample solutions with 50 μM (labeled or native) BSA were prepared by dissolving the proteins in ultrapure water (18.2 MΩ cm; total organic carbon < 5 ppb). This leads to a pH of the solution of ∼7 for native and ∼8.6 for FITC-labeled BSA. Subsequent to the dilution of the proteins, the solutions' pH was adjusted by adding small aliquots of 0.1 or 1 M HCl or NaOH aqueous solutions. Care was taken to avoid bleaching of the fluorescent label by the room lights and by too acidic pH values. To ensure cleanliness of the samples, the used glassware was soaked in a mixture of concentrated sulfuric acid (analytical grade) and NOCHRO-MIX for at least 12 h. Subsequently, the glassware was extensive rinsed with ultrapure water. All experiments were performed at room temperature 297 K.
Sum-Frequency Generation. SFG spectra were recorded using ssp polarizations (s: SFG, s: visible, and p: IR beams) with the experimental setup reported in the Supporting Information. For measurements around the protein's IEP, the pulse energies of the broadband IR and the visible beam were reduced to 10 and 11 μJ, respectively. This was necessary to avoid laser-induced changes, for example, desorption, which were observed otherwise. In our experiments with the FITClabeled proteins, we did also observe multiphoton fluorescence which was caused by the visible beam. The fluorescence photons were blocked with a longpass filter (FF01-593/LP-25, Semrock) which was inserted into the SFG beam path. Full SFG spectra were recorded for C−H and O−H stretching vibrations (2800−3800 cm
) by scanning the IR frequency in five steps. Depending on the signal strength, the acquisition time per IR wavelength was between 1 and 6 min.
ζ-Potential. ζ-potential measurements were done with Zetasizer Nano ZS (Malvern Instruments). Each pH value was measured at least 3 times, and the mean value was calculated.
Tensiometry. The surface tension γ of a protein solution was measured in a pendant drop tensiometer (Kruss DSA 100) via drop shape analysis using the Young−Laplace equation.
Confocal Microscopy. Scanning confocal fluorescence microscopy of foamed solutions with FITC-labeled BSA was done with a Leica SP8. For excitation, we have used a 65 mW argon laser at a wavelength of 496 nm, and the fluorescence emission was recorded at a wavelength of 520 nm.
Foam Stability. Investigations on the foam stability were done with a Kruss dynamic foam analyzer (DFA 100) and the corresponding foam structure analysis module. The device is equipped with an optical sensor for liquid and foam height detections. Foams were produced in a glass column with a diameter of 4 cm by a 0.3 L min −1 gas flow of ambient air for 30 s. Here, we used a porous glass frit with a pore size of 16− 40 μm and a sample volume of 60 mL. Pictures of the twodimensional foam structure near the column wall were taken with the help of a prism that was attached to the column.
■ RESULTS AND DISCUSSION
A precursor for interface adsorption of proteins is their bulk state and in particular their bulk charging state, which can be studied by ζ-potential measurements. In Figure 1a , the ζ-potentials of native and FITC-labeled BSA proteins are shown as a function of bulk pH. Changing the pH leads to substantial changes in the ζ-potential for both proteins. A close inspection of Figure 1a shows that the bulk IEP of native BSA is at a pH
The Journal of Physical Chemistry B Article of ∼5.3, while the IEP of FITC-labeled BSA is shifted to a pH of 4.7. In addition, the absolute values of the maximum ζ-potentials which are established at more acidic and alkaline conditions relative to the protein's IEP are ∼13 and ∼28 mV for native and FITC-labeled BSA, respectively. The results for native BSA are in perfect agreement with previous work, 7 whereas the changes in ζ-potential of the labeled BSA compared to the native protein result from the blocked ε-amino group of Lys residues and by the additional carboxylic acid group of the fluorophore.
34−36
In order to investigate the charging state of BSA adsorbate layers at the air−water interface, we applied vibrational SFG, which is a second-order nonlinear optical method, that is, inherently interface specific for centrosymmetric materials such as liquids and gases. For SFG, we combine a tunable broadband IR with a narrowband visible pulse at the interface, where the sum frequency (SF) ω SF is generated as a sum of the impinging light waves with frequencies ω IR and ω vis . The intensity of the resulting SF signal is proportional to nonresonant and resonant contributions to the second-order susceptibility χ (2) and to the third-order susceptibility χ (3) , that is, directly dependent on the surface potential ϕ 0
and
In eq 1, κ, Δk z are the inverse of the Debye length and the phase mismatch of the impinging light waves. The surface potential ϕ 0 is caused by the net charge of the adsorption layer and the resulting static electrostatic field. Note that the prefactor to the third-order contribution simplifies at high ionic strengths to one. In eq 2, A k , θ, and β k describe the oscillator strength , the phase, and hyperpolarizability of the vibrational mode k, respectively. In eq 3, N describes the molecular number density, while f(Ω) gives the distribution of β k (Ω) over the solid angle Ω. Therefore, A k is linearly dependent on the number density N of adsorbed molecules and the orientational average of the molecules' hyperpolarizability β k . Because the second-order χ (2) and thirdorder χ (3) contributions are resonantly enhanced when the frequency ω IR is tuned over vibrational modes of interfacial molecules, these equations show how SFG spectroscopy is molecule specific and thus provides qualitative information on the composition 43−46 and the charging state 13, 47, 48 of proteins at interfaces. Figure 2 shows the pH-induced changes in the SFG spectra from air−water interfaces that were modified by native and FITC-labeled BSA. In the frequency range from 2800 to 3800 cm −1 , the SFG spectra are dominated by two broad bands centered at 3200 and 3450 cm −1
. The latter bands arise from O−H stretching modes of tetrahedrally (low frequency modes) and nontetrahedrally (high frequency modes) coordinated interfacial H 2 O. 26, 27 Because of their dipole character, the interfacial water molecules orientate themselves in accordance with the surface net charge. For pH values below the IEP, the protein molecules carry a positive net charge because of the protonation of the aminogroups and a negative net charge for pH values above the IEP. This is caused by deprotonation of amino acid residues with carboxylate groups. As a consequence, interfacial water molecules flip their orientation by 180°. Similar effects have been observed in phase-resolved SFG measurements of cationic cetyl trimethylammonium bromide and anionic sodium dodecyl sulfate surfactants at the air−water interface reported earlier by the Tahara group. 49 At this point, we recall that the amplitude A k (eq 3) is an average over all molecular orientations at the interface, and its polarity thus provides information on the net orientation of molecules at interfaces. 48 Therefore, the change in net orientation of interfacial H 2 O will result in change of the phase θ by π in eq 2. 13 In this case, evidence for a charge reversal at the interface comes from the polarity of aromatic C−H stretching vibrations at 3060 cm The Journal of Physical Chemistry B Article molecules reorientate with the dipole moment pointing away from the bulk, the peak-like feature at ∼3060 cm −1 flips into a dip-like feature. This appearance of the aromatic C−H stretching band in the SFG spectra is caused by constructive and destructive interferences with the O−H band. 13 Note that in the Supporting Information, we provide simulations of the latter changes of the shape of the 3060 cm −1 band when the phase of the O−H band and thus the molecular orientation of interfacial water molecules are changed accordingly.
In fact, this change can be best seen by a comparison of the SFG spectra for solutions with pH 3 and 10 ( Figure 2a , grayshaded area). The apparent change in polarity of the aromatic C−H stretching band can be, therefore, associated to the polarity of the water bands, which follows the change in net orientation of interfacial H 2 O molecules. The latter can be polarized and ordered within the interfacial electric field. Obviously, the apparent change in the polarity of O−H bands is a direct consequence of the charge reversal at the interface. Note that Meister et al. 50 report in their SFG study of hydrophobins at the air−water interface also a pH-induced reorientation of the interfacial proteins which have, in the case of hydrophobins, largely separated hydrophilic and hydrophobic regions. This effect is different in the case of BSA, where the latter are statistically distributed over the protein surface.
The change in SF intensity with pH of both O−H stretching bands as seen Figures 1c and 2 , can be qualitatively also explained by changes in the interfacial net charge. Whether the changes in charging with pH at the interface are similar to those in the bulk are hitherto unknown. As χ (3) contributions to the SF intensity are dependent on the surface potential ϕ 0 (eq 1), we can relate the observed changes in SF intensity directly to variations in the surface potential and thus to the interfacial net charge. Although quantification 40, 41 from SFG spectroscopy is difficult, arguments on qualitative changes of the interfacial charging state can be made based on SF intensities (Figures 1b and 2) . The minima in O−H intensities which are clearly seen for native and FITC-labeled BSA at pH values close to their bulk IEPs can be therefore directly attributed to a charge reversal at the interface with an interfacial IEP close to the bulk IEP.
The described shift of the IEP, which is seen in both ζ-potential and SFG measurements, is also reflected in the surface tension data plotted in Figure 1b . Here, a local minimum of ∼53 mN m −1 is established at pH values close to the bulk and interfacial IEPs of native and labeled BSA proteins. The minimum in surface tension for both BSA proteins is a direct consequence of the loss in net charge at pH values close to the IEP, which reduces the electrostatic repulsive interactions at the interface. Hereby, more protein molecules can place themselves at the surface, what directly increases the surface excess and consequently lower the surface tension. This conclusion is corroborated by previous studies of BSA, BLG, and lysozyme proteins that show a substantial increase in thickness of the adsorbate layers once the electrostatic repulsion forces have been canceled either by choosing a pH close to the IEP or by adding salt. 6, 7, 13, 14, 49 The increased surface excess and layer thickness around the IEP could also be directly shown by pH-dependent neutron reflectometry studies. 51 FITC-labeled BSA proteins show substantial bulk aggregation as the solutions become obviously turbid for pH values close to the IEP (between pH ∼3.7 and ∼5.4). Such an obvious turbidity is not observed for native BSA. The differences in bulk behavior of FITC-labeled and native BSA can be explained by the more hydrophobic character of labeled BSA with roughly 12 FITC ligands per BSA molecule (see Experimental Section).
An analysis of the dynamic changes in the surface tension (Supporting Information) reveals a much faster decrease in surface tension at a pH close to the IEP. This observation is consistent with an earlier study by Ulaganathan et al. 22 on the changes in surface tension and the surface dilational modulus of BLG proteins. The observed faster adsorption kinetics, close to the IEP, is typical for proteins in general because of the significantly decreased adsorption barrier caused by reduced electrostatics in this pH range. 52, 53 In Figure S4 (Supporting Information), we present results from single foam films using a thin-film pressure balance and demonstrate the existence of aggregates over a broad range of pH values. This may be caused by the close packing of proteins at the interface where much shorter nearest neighbor distances as compared to the situation in the bulk solution are established, but deserves further investigation in the future.
Additional foaming experiments were performed and show that the foam stability reaches a maximum at the IEP ( Figure  1d ) while the mean bubble size is minimized at the IEP (Figure 3) . Particularly, the latter is directly related to the faster adsorption kinetics at the IEP as discussed above. The increased foam stability at the IEP is however, hitherto not fully understood.
In earlier work, 6, 7, 14 it was hypothesized that the aggregates could block plateau borders and prevent or slowdown foam drainage as this was seen also for other foams stabilized by inorganic and organic particles (see Introduction section). In order to further reveal the location of proteins and protein aggregation inside the foam, we have applied confocal fluorescence microscopy at foams from FITC-labeled BSA solution. These experiments are, in particular, useful to clarify In Figure 4 , we compare different fluorescence images that were taken along the z-axis perpendicular to the focal plane and compare the latter with a white light image at the same sample position. Regions with green color originate from FITC fluorophores. From a close inspection of Figure 4 , sample regions with a higher concentration of fluorescent-labeled BSA can be easily identified by higher fluorescence intensities. From the analysis of Figure 4 , we conclude that the presence of proteins and aggregates in the plateau borders does not dominate bubble and foam stabilization because the highest concentrations are in fact observed in the lamellae between bubbles. Consequently, contact zones between bubbles, where two lamellae join, appear with very high fluorescence intensity.
The BSA proteins are distributed all over the lamella. This observation is consistent with our foam film results in Figure  S4 (Supporting Information). Note that the presence of aggregates in foam films of BLG solutions has been already shown using the thin-film pressure balance technique. 26 This so far unresolved structure of proteins in foam films may be one origin for the slower foam drainage at pH values close to the IEP as presented in Figure S3 (Supporting Information). In addition, the gas permeability through the foam films could also have changed once the proteins become close-packed inside the foam filmswhether this can play an additional role has to await further investigations, for example, with methods proposed earlier by Saulnier et al. 54 
■ CONCLUSIONS
Using a multitechnique approach, we address the stabilization of aqueous foam from BSA solutions on several length scales and derive structure−property relations. Vibrational SFG spectroscopy and ζ-potential measurements are used to study the charging state of native and FITC-labeled BSA molecules at the air−water interface and in the bulk solution. The interfacial and the bulk IEPs are found at pH 5.3 and 4.7 for native and labeled BSA, respectively, and are shown to be very similar for proteins in the bulk and at the air−water interface. Our conclusion of closer protein packing at pH values close to the IEP is corroborated by our surface tension and previous thickness measurements of BSA adsorbate layers. Different from the classical DLVO theory, which would predict a decrease in electrostatic disjoining pressure and thus foam stability, we confirm that negligible electrostatic interactions between BSA molecules at the interface lead to a pronounced increase in foam stability.
Using confocal fluorescence microscopy of foams from solution with FITC-labeled BSA, we clarified that BSA molecules are predominantly located in the foam films (lamellae) which connect individual bubbles. Our study shows that BSA molecules lead to a different mechanism for foam stabilization in comparison to previously discussed nanoparticle-stabilized foams, where the particles blocked plateau borders.
Besides a stronger aggregation near the IEP due to a higher hydrophobicity, the FITC-labeled BSA showed the same characteristic surface behavior. For that reason, we propose that the results of our study may be transferrable to other but similar proteins like BLG.
■ ASSOCIATED CONTENT

* S Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.jpcb.8b06481.
Description of the broadband SFG set-up, molecular structure of the FITC-labeled BSA, dynamic surface tension for BSA adsorption to the air−water interface from solutions with different bulk pH, foam drainage and pH dependence of the liquid fraction inside foam, and thin-film pressure balance measurements for 50 μm BSA foam films at pH values above/below and at the IEP (PDF) 
